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In view of the fact that the anti sliding effect analysis of the current anchor cable and anti slide pile structure is not yet complete,
research on the synergy mechanism of adjacent pile-anchor composite structures under traffic load is carried out. Firstly, a free
vibration analysis for the slope dynamic model is carried out by using a three-dimensional finite element numerical simulation
method. By improving the slope boundary conditions of time-domain analysis, the time-domain equation of the dynamic model
of traffic load acting on the top of the slope is solved accurately, and the response law of the internal force of the pile anchor
composite structure is also described. ,e mechanism by which the pile anchor composite structure resists against the slope
sliding through the internal force increment is proposed: this internal force increment is estimated to be 73.4%, while that of
anchor cable is 26.6%. ,e composite structure presents the coordinated sharing for sliding force. ,e internal force of the lower
row of anchor cables is 89.48 kN larger than that of the upper row, and the internal force increment is four times larger, indicating
that the lower anchor cable is more effective in slope reinforcement. As the deformation at the top of the slope is greater, the
prestress of the upper anchor cable should be increased to avoid the “chain failure” caused by excessive deformation. As a result,
the coordination law of internal force of pile anchor is revealed, and the anti sliding sharing mechanism is clarified. A design idea
of the adjacent pile-anchor composite structure is proposed, which takes 0.2-0.3 times the remaining sliding force as the design
value of prestressed anchor cable.,e idea fully considers the anti sliding effect of prestressed anchor cables and reduces the design
size of anti slide pile section, providing a theoretical support for optimization design of combined anti slide structure and saving
project investment.

1. Introduction

A high slope may adopt adjacent pile anchor composite
structure (Figure 1) to strengthen measures, which can not
only rely on the passive reinforcement of anti slide piles to
reduce the amount of slope excavation volume but also use
the active reinforcement of prestressed anchor cables to limit
slope deformation, reducing the design load of anti slide
piles, making it widely cited in engineering practice [1, 2]. In
addition, the rapid development of engineering technology
has transformed most research results based on statics into
dynamics [3, 4]. In recent years, the dynamic response

characteristics of adjacent pile-anchor structures have be-
come a research hotspot in slope engineering [5].

Le et al. [6] used Abaqus software to calculate and an-
alyze the dynamic response of structure system of the
supporting foundation pit under traffic loads and system-
atically studied the variation law of horizontal displacement
of anti slide pile and axial force of anchor rod. Rainieri et al.
[3] studied the response characteristics of embedded
retaining wall under dynamic load and obtained a sensitivity
coefficient of relevant model parameters to wall stability,
which improved the existing design index of embedded
retaining wall. Koca et al. and Nakajima et al. [7, 8] used the
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principle of three-dimensional polar stereographic projec-
tion to analyze the dynamics of the bolt, thus obtaining the
optimal anchoring angle of the bolt. Compared with the
traditional method, the reliability of the conclusion is ver-
ified. Qu et al.[9, 10] studied the seismic response of pre-
stressed anchor cable pile sheet wall through the shaking
table model test, revealing the distribution law of soil
pressure for prestressed pile sheet wall under earthquake
action and providing a reliable basis for further under-
standing of the seismic performance and of the anti seismic
mechanism of prestressed sheet-pile wall. Zhang et al.
[11, 12] used the shaking table model test to study the
seismic response characteristics of small angle layered in-
clined site in dip, strike, slope direction, and vertical di-
rection of slope. ,e results have certain reference
significance for seismic design of buildings on small angle
layered inclined site.

,is paper initially summarizes the research results in
recent years. In the theoretical research of pile anchor
structure, researchers systematically discuss the mechanical
mechanism of reinforced structure from the aspects of
elastic parameters, strength parameters, fracture damage
parameters, and constitutive relations. However, the de-
scription of the anti sliding mechanism of pile-anchor
structure is not yet completed, and the coordination char-
acteristic of its internal force still lack of systematic research.
As a result, the engineering design often ignores the effect of
prestressed anchor cable on slope reinforcement [13], and
the design size of anti slide pile becomes often too large to
give full play to its advantages of slope reinforcement,
resulting in a large number of engineering resources waste.
Given the above shortcomings, this paper studies the anti
sliding mechanism of adjacent anchor pile structure under
traffic load. In the numerical simulation method, the time-
domain analysis boundary condition of slope is improved,
and the method of combining Lysmer’s surface viscous
boundary with traditional ground support boundary is
adopted to reduce the large error caused by wave reflection
in elastic boundary condition, so as to accurately describe
the dynamic response mechanism of pile anchor structure.
In this paper, a design idea of pile anchor adjacent composite
structure is proposed, which fully considers the slope

reinforcement effect of the prestressed anchor cable, to
reduce the design size of anti slide pile section and to provide
theoretical support for the optimal design of pile anchor
composite structure.

2. Safety Analysis of Pile Anchor
Composite Structure

2.1. SlopeEngineeringFeatures. ,e paper considers as a case
study of the Chongqing Fuling Shizhu expressway con-
struction project. Relying on K18 + 480∼690 road section the
right side slope engineering, the slope height is 32m, the
length is 168m, and the area of sliding mass is about
10800m2. Stratum occurrence 323°∠32° intersects with slope
occurrence 328°∠58° at a small angle, and the potential
sliding surface is weak interlayer with poor stability, which
belongs to plane sliding layered rock slope. ,e slope is
excavated according to a four-level platform, and the height
of each platform is 8m. ,ere is a reconstructed secondary
road on the slope top. ,e plane and main sliding section of
the slope are shown in Figure 2.

Due to the excavation of proposed expressway subgrade,
the right side of the slope is free, and the stability of the slope
is controlled by the dip angle of the rock stratum and the
comprehensive shear strength between the layers. ,ere are
argillaceous intercalations in the slope. Under the induction
of several factors such as atmospheric rainfall, outside loads,
or hand-dug, the sliding surface further penetrates, thus
making the strength of the layer decrease sharply.,is aspect
increases the risk of sliding for the slope along the weak
interlayer, thus strongly decreasing its stability. In addition,
the surface of the slope is affected by weathering and the
layer is easy to be crushed, so the adjacent pile-anchor
structure is used to reinforce the slope. Considering the
traffic load on the slope top, it can be assumed that the load
position is consistent with the free surface; in this condition,
the safety of the pile-anchor composite structure should be
analyzed.

2.2. Finite Element Model Size and Mechanical Parameters.
,e slope reinforcement scheme is as follows: the square anti
slide pile is arranged on the second platform, with a length of
20m, and the third slope surface is reinforced by double row
prestressed anchor cables, with a length of 20m and an
anchorage section length of 10m. ,e lithology of the slope
is composed of sandstone, silty mudstone, and silty soil. ,e
influence of weak interlayer on slope stability is simulated by
establishing rock contact surface. Based on considering the
slope size effect, the finite element numerical model of the
slope is established, as shown in Figure 3. ,rough labo-
ratory tests and relevant specifications, the mechanical pa-
rameters of rock mass and pile-anchor structure are shown
in Table 1.

2.3. 3D Numerical Model. ,e scale of 3D finite element
model is 1 :1, and the rock stratum is modeled by solid
element and obeys Coulomb–Mohr criterion. ,e model
extends 24m along the Z-axis, and the pile spacing is 6m.

traffic load

anti slide pile

anchor cable

Figure 1: Schematic diagram of slope reinforcement with adjacent
pile anchor composite structure.
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,e anti slide pile and the frame beam of anchor cable are
simulated by beam element, which is convenient to get the
internal force value. ,e anchor cable is simulated by em-
bedded truss [14–20], which is convenient to get the internal
force variation characteristics, and the coupling with other
element nodes cannot be considered. ,e finite element
numerical software MIDAS GTS/NX is used for modeling. It
is a professional geotechnical finite element analysis software
application, especially good at slope stability analysis. ,e
finite element numerical model is shown in Figure 4.

2.4. Eigenvalue Analysis of Slope Dynamic Model. Free vi-
bration analysis is called eigenvalue analysis. ,rough this

analysis, the dynamic eigenvalues of the model, namely,
natural frequency andmode shape, are obtained. In the slope
dynamic finite element calculation, it is necessary to cut the
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Figure 2: Plane and section of K18 slope.
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Figure 3: Section size of finite element model.

Table 1: Lithology and supporting structure calculation parameters.

Lithology and
structure

Elastic
modulus
(MPa)

Poisson’s
ratio

Volume
weight (kN/

m3)

Cohesion
(kN/m2)

Internal
friction angle

(°)

Prestress
(kN)

Normal
stiffness
(kN·m)

Tangential
stiffness (kN·m)

Sandstone 4609 0.17 25.18 1793 35.4 — — —
Silty mudstone 2306 0.29 25.71 1056 34.3 — — —
Silty soil 25 0.25 20 12.5 12.05 — — —
Anti slide pile 250000 0.2 24 — — — — —
Anchor cable 195000 0.3 78.5 — — 500 — —
Frame beam 10000 0.2 21 — — — — —
Weak
intercalation — — — 0 12 — 2.0×106 2.0×106

Figure 4: 3D finite element model.
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finite calculation domain from the natural geological body.
,e boundary conditions are imposed on the cut boundary,
and then the dynamic analysis equation is established.
Solving dynamic problems by using the principles and
methods of structural dynamics [21–23]. Boundary condi-
tions of the model are as follows: the bottom is a fixed
boundary, x-direction displacement is constrained on both
sides, and z-direction displacement is constrained longitu-
dinally. In this paper, the elastic boundary is used to cal-
culate the eigenvalue of the dynamic model, that is, the
reaction coefficient of the elastic boundary is defined by the
surface spring.

,e calculation formula is as follows.
Horizontal reaction coefficient:

ks � ks0 ·
Ps

30
 

− 0.75
. (1)

Vertical reaction coefficient:

kh � kh0 ·
Ph

30
 

− 0.75
, (2)

where ks0 � kh0 � αE/30, Ps �
���
As


, Ps �

���
As


, As and Ah

correspond to the cross-sectional areas of each rock layer in
the horizontal and vertical directions, respectively, E is the
elastic coefficient, and α is taken as 1.0. ,e reaction coef-
ficient of each rock stratum is calculated as shown in Table 2.

,e natural frequency and mode shape are the natural
characteristics of vibration system, and its generalized ei-
genvalue equation is

[K] − ω2
[M]  u{ } � 0{ }, (3)

where [K] and [M] are the stiffness matrix and mass matrix
of the vibration system, respectively, and ω and u{ } are the
natural frequencies and vibration modes.

,e characteristic equation for determining the natural
frequency is

[K] − ω2
[M]


 � 0. (4)

After each natural frequency is obtained from equation
(4), the corresponding natural mode can be obtained by
substituting equation (3). ,erefore, all eigenvalues ωi and
u(i)  (i� 1, 2, . . ., n, n is the degree of freedom) can be
determined by using equations (1) and (2). ,e natural
frequency shall meet ωi ≥ 0 and ω1 ≤ω2 ≤ · · · ≤ωn.

According to the calculated reaction coefficient of each
rock stratum foundation, the eigenvalue analysis results of
slope dynamic model are shown in Table 3.

3. Dynamic Response Mechanism of Pile
Anchor Composite Structure

Based on characteristic value of the slope dynamic model,
the slope displacement and the pile anchor composite
structure internal force at any time under traffic load can be
calculated by analyzing the model in time domain. ,e
dynamic equilibrium equation is as follows:

[M] · u″(t) +[F] · u′(t) +[K] · u(t) � T(t), (5)

where [M] is the mass matrix; [F] is the damping matrix;
[K] is the stiffness matrix; T(t) is the dynamic load; u″(t) is
the acceleration; u′(t) is the velocity; and u(t) is the relative
displacement.

Because the elastic boundary conditions will produce
large errors due to the reflection of waves, the time-domain
analysis of slope dynamic model is solved by combining the
curved viscous boundary proposed by Lysmer et al. [24–27]
and the traditional ground support boundary, which can
accurately describe the dynamic response characteristics of
pile anchor composite structure.

3.1. Calculation of Viscous Boundary Damping Constant.
In order to define viscous boundary conditions, it is nec-
essary to calculate the slope model damping ratio in three
dimensions. According to P wave (compression wave) and S
wave (shear wave), the calculation formula of damping ratio
is as follows:

P: Cp � ρ · A ·

������
λ + 2G

ρ



� c · A ·

������
λ + 2G

c · 9.81



� cp · A,

(6)

S: Cs � ρ · A ·

��
G

ρ



� c · A ·

������
G

c · 9.81



� cs · A, (7)

where λ is the volume elastic coefficient (kN/m2); G is the
shear elastic coefficient (kN/m2); cp is the compression wave
damping constant; and cs is the shear wave damping
constant.

λ �
μE

(1 + μ)(1 − 2μ)
;

G �
E

2(1 + μ)
,

(8)

Table 2: Reaction coefficient of every strata.

Lithology Sandstone
(kN/m3)

Silty mudstone
(kN/m3)

Silty soil
(kN/m3)

Horizontal 90106 — —
Vertical 136595/237440 158568/104815 —
Normal 81702 56612 1722

Table 3: Natural frequency and mode shape of slope dynamic
model.

Vibration model
Frequency Cycle

rad/s r/s s
1 25.966776 4.132740 0.241970
2 27.351845 4.353181 0.229717
3 27.931513 4.445438 0.224950
4 28.654413 4.560492 0.219275
5 29.998140 4.774353 0.209452
6 33.324997 5.303838 0.188543
7 34.089333 5.425486 0.184315
8 35.464867 5.644409 0.177166
9 37.873245 6.027714 0.165900
10 38.598545 6.143149 0.162783
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where μ is Poisson’s ratio and E is the elastic coefficient (kN/
m2). ,e damping constants of each rock stratum obtained
are shown in Table 4.

3.2. Time-Domain Analysis of Traffic Load Slope. In this
paper, the direct integration method of linear time history
analysis is used, and the natural frequency calculated by the
aforementioned eigenvalues is substituted into equations (6)
and (7) to calculate the corresponding mass and stiffness
factors. For the traffic load on the slope top, when the car
wheel passes through a certain point on the road surface at a
certain speed, the change of the wheel load at that point is a
process of first increasing and then decreasing, and its stress
curve is a half-wave sine curve. ,e pressure effect of vehicle
driving on the rock and soil mass under the road can be
approximately simulated by repeated discontinuous half sine
curve [28–31].,e sine load oscillogram is shown in Figure 5.

According to the requirements of “Specifications for
Design of Highway Subgrades” JTG D30-2015, combined
with the actual driving conditions of the reconstructed road,
the driving load is taken as 50 kN/m. ,e traffic load is
simulated by sine wave, and the maximum concentrated
force of 500 kN is applied on the secondary road. In the
figure, t is the action time of vehicle wheels,△t is the driving
interval time of motor vehicles, and P0 is the traffic load
amplitude. ,e dynamic numerical model of time-domain
analysis of slope under traffic load at the top of slope is
shown in Figure 6.

3.3.Dynamic ResponseMechanismof SlopeTopDisplacement.
According to the calculation, the horizontal displacement
and settlement response of the slope under the traffic load at
the top of the slope are shown in Figure 7.

It can be seen from Figure 7 that the slope top secondary
road produced displacement response in both the horizontal
and vertical directions. Due to the support and anchoring
effect of the anchor pile composite structure, the displace-
ment does not penetrate down the weak interlayer to form a
continuous sliding surface, and the slope is still stable. ,e
maximum horizontal displacement and settlement are
7.48mm and 15.16mm, respectively.

Seven characteristic points (Figure 8) are selected at the
central axis of the secondary road at the slope top. ,e
horizontal displacement and settlement response curves of
each point under traffic load are shown in Figure 9.

It can be seen from Figure 9 that the horizontal dis-
placement and settlement response laws of each charac-
teristic point are consistent under the traffic load at the slope
top. ,e horizontal displacement response at point P7 is the
largest with a maximum amplitude of 7.45mm, and the
settlement at point P6 is the largest with a maximum am-
plitude of 15.08mm. As the slope is still stable, there is no
irrecoverable horizontal displacement and settlement in the
secondary road. After the end of the traffic load time history,
the horizontal displacement and settlement of each char-
acteristic point return to the initial state. ,ere is no irre-
coverable deformation of the slope.

3.4. Internal Force Response Mechanism of Pile Anchor
Composite Structure. ,e internal force on the axis of the
anti slide pile can be directly obtained by using the beam
element simulation, that is, the difference between the pile
back thrust and the resistance in front of the pile.,e section
of the maximum stressed pile is taken, and the internal force
of the anchor pile composite structure under static load is
combined. ,e internal force response curve of the pile-

Table 4: Damping constant of every strata.

Damping constant (kN·s/m) Sandstone Silty mudstone Silty soil
P 3565.91 2815.85 247.31
S 2248.48 1531.40 142.78

0 T1

P0

P (kN)

T2
T (s)

T1+∆t

0 
T
π

F (x,y,t) =
(0 ≤ t ≤ T)tp0 sin

(else)

Figure 5: Sine traffic load curve.
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anchor composite structure under the traffic load on the
slope top is shown in Figure 10.

According to Figure 10, the response law of the pile
horizontal internal force and the slope horizontal dis-
placement is consistent under the traffic load. During the
initial stage of load, the pile internal force does not change
too much, which is mainly related to the position of anti
slide pile near the slope toe. With the change of traffic load
time history, the anti slide pile can resist the slope slide by
increasing the internal force. ,e anti slide pile’s maximum
internal force in the horizontal direction is 316.05 kN, the

pile anchor composite structure’s internal force reaches the
maximum at t time, and the maximum anti slide pile in-
ternal force response increment caused by traffic load is
91.55 kN.

,e results show that the position of the prestressed
anchor cable is closer to the sliding surface, the internal force
is more sensitive to the traffic load at the slope top, and the
sliding of the slope is limited by increasing the internal force.
Combined with Figure 7, the slope top is the concentration
area of the maximum deformation. ,erefore, in anti slide
design of pile anchor composite structure, the prestress of

Figure 6: ,e dynamic model of slope time-history analysis
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Figure 7: Characteristics of horizontal displacement and settlement of slope. (a) Displacement vector picture. (b) Horizontal displacement
cloud picture. (c) Settlement cloud picture.
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the upper row anchor cable should be increased to avoid the
“chain failure” of the anchor cable caused by excessive
deformation. ,e maximum internal force of the lower row
anchor cables is 143.69 kN, and that of the upper row is
119.30 kN. ,e internal force increment caused by traffic
load is 33.19 kN and 8.29 kN, respectively. It can be seen that
the anti sliding effect of the lower row cables is greater.

In engineering design, the reinforcement effect of pre-
stressed anchor cable on slope in pile anchor composite
structure is often ignored, which is only regarded as safety
reserve [32]. According to the above analysis, the internal force
increment of pile anchor composite structure under traffic
load at the slope top is 124.74 kN, in which the internal force
increment of anti slide pile accounts for 73.4%, and that of
anchor cable accounts for 26.6%. In other words, the adjacent
pile-anchor structure indirectly presents the coordinated
sharing of the sliding force through the increase of their

internal forces. Based on this, the adjacent pile-anchor
structures indirectly show the coordinated sharing of the
sliding force through the increase of their internal forces. In
this way, a design idea of a pile-anchor combined structure is
proposed, which is to use 0.2 to 0.3 times the remaining sliding
force before the slope reinforcement as a preliminary. ,e
design value of the prestressed anchor cable, by reducing the
design size of the anti slide pile section, can provide a reference
for the optimal design of the pile-anchor combined structure.

4. Joint Stabilization Slope Characteristics of
Pile-Anchor Composite Structure

Based on the K18 + 480∼690 section right side slope engi-
neering of Fuling-Shizhu expressway construction project as
an example, the earth pressure gauge and anchor cable stress
meter (Figure 11) are used to monitor the internal force of
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Figure 9: Horizontal displacement and settlement curve of slope time-history analysis.
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Figure 8: Characteristic point schematic diagram.
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anchor pile composite structure for a long time. ,e rated
tension of anchor cable sensor is 1∼10000 kN, and the ac-
curacy is ±0.02%; the accuracy of earth pressure gauge is
±0.1%.

According to the site construction conditions and the
deformation characteristics of the slope, the section near the
main sliding surface of the slope is selected. ,e internal
force changes of the anchor pile combined structure are
observed regularly. Figure 12 shows the section of instru-
ment monitoring.

It can be seen from Figure 13 that the horizontal internal
forces of the lower row anchor cables M1-1, M1-2 are 89 kN
larger than those of the upper row M2-1, M2-2, and the
internal force increment is 17 kN, which is four times the
upper row anchor cable increment. Moreover, it shows that
slope sliding extends downward from the top to the foot, and
the anti sliding effect of the lower row anchor cables is
significantly larger than that of the upper row. In addition, in
the vertical direction, the internal forces of M2-1 and M1-1
near the main sliding surface are greater than those of M2-2

330
t

300

F z
 (k

N
)

120

150

180

210

150

270

0.0 0.5

Fz : horizontal internal force of pile
t : time

1.0 1.5
t (s)

2.0 2.5 3.0

(a)

150 t

F m
 (k

N
)

60

70

80

90

100

110

120

130

140

0.0 0.5

Fm : anchor cable internal force
t : time

1.0 1.5
t (s)

2.0 2.5 3.0

lower row
upper row

(b)

Figure 10: Internal force response curve of pile anchor composite structure.
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andM1-2 on the other side away at the same level. During the
time t1∼t2 of traffic load on the slope top, the internal force of
prestressed anchor cable has a sine wave which is consistent
with the traffic load pattern. It shows that the internal force
response of the anchor cable is produced, and the maximum

internal force increment of the anchor cable is 24.58 kN
during this period.

,e thrust force behind the anti slide pile is less than the
front resistance of the pile, and the internal force increment
of the anti slide pile can be obtained by integrating the

secondary road

anchor cable stress meter

earth pressure gauge

L = 20 m
L = 10 m

(a)

M2–1

M1–1 M1–2

M2–2

slope top

foot of slope

M
sliding surface
number of anchor cable

(b)

Figure 12: Monitoring point layout section of pile anchor composite structure. (a) Layout of earth pressure gauge. (b) Anchor cable number
and layout plan.
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Figure 13: Internal force monitoring curve of anchor cable and anti slide pile. (a) Internal force monitoring curve of anchor cable.
(b) Internal force monitoring curve of anti slide pile.
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difference between the two. According to the calculation, the
maximum internal force increment of anti slide pile is
74.48 kN during t1∼t2. ,e internal force increment of pile
anchor composite structure caused by traffic load at the slope
top is 99.06 kN. During the loading time, the internal force of
pile and anchor is coordinated. Among them, 75.19% of the
anti slide pile and 24.81% of the prestressed anchor cable
bear the slope consolidation effect, which verifies the analysis
results of finite element numerical simulation.

5. Conclusion

By establishing the dynamic model of adjacent pile-anchor
structure combined under traffic load at the slope top, the
collaborative mechanism of pile anchor adjacent composite
structure was studied. In this paper, the time-domain
equation error of traffic load dynamic model on the slope
top is solved by combining Lysmer surface viscous
boundary with traditional ground support boundary. ,e
internal force response law of pile anchor composite
structure is accurately described, and the internal force
coordination mechanism is proposed. ,e main conclu-
sions are as follows:

(1) ,e internal force increment of pile anchor com-
posite structure under traffic load at the slope top is
124.74 kN, in which anti slide pile accounts for 73.4%
and anchor cable accounts for 26.6%. ,e adjacent
pile-anchor structures indirectly show the coordi-
nated sharing of the sliding force through the in-
crease of their internal forces. ,rough the
coordination of internal forces, the combined
structure exhibits the characteristics of efficiently
resisting the sliding of the slope.

(2) ,e internal force increment of the lower row anchor
cables is four times larger than that of the upper row,
and the reinforcement effect of the lower row anchor
cables is significantly larger than that of the upper
row. Considering the displacement at the top of the
slope is larger, it is suggested that in the anti slide
design of pile anchor composite structure, the pre-
stress of the upper row anchor cables should be
increased to avoid excessive deformation of the lower
row anchor cables, resulting in “chain failure.”

(3) A design idea of pile anchor composite structure is
proposed, which is 0.2∼0.3 times the residual sliding
force before slope reinforcement as the design value
of prestressed anchor cable, which can reduce the
design size of anti slide pile section and provide
reference for the optimization design of pile anchor
composite structure.
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